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Phytanic acid (Phyt) increase is associated with the hereditary neurodegenerative Refsum disease. To elucidate the still unclear toxicity of Phyt, mitochondria from brain and heart of adult rats were exposed to free Phyt. Phyt The clinical manifestation of Refsum disease, a neurological disorder, is attributed to highly elevated levels of phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) in serum and tissue (1, 2) . Dairy products, such as milk and cheese, and red meat (cow, sheep) are the major source of the phytanic acid intake in human. Phytanic acid is a branched-chain fatty acid formed from the phytol side chain of chlorophyll by bacterial activities in the gut of ruminants (3) . The methyl group in the ␤-position of the hydrocarbon tail prevents formation of a 3-keto intermediate product; therefore phytanoyl-CoA cannot be degraded by ␤-oxidation. Degradation of phytanoyl-CoA starts within peroxisomes by ␣-oxidation, forming 2-hydroxyphytanate, which is thereafter converted to pristanic acid (2,6,10,14-tetramethylpentadecanoic acid) (4, 5) . Finally, pristanic acid is degraded by combined peroxisomal and mitochondrial ␤-oxidation to propionyl-CoA (3ϫ), acetyl-CoA (3ϫ), and isobutyrylCoA. In Refsum disease patients degradation of phytanic acid is impaired mostly due to a defective phytanoyl-CoA 2-hydroxylase (EC 1.14.11.18). However, the import of this enzyme by peroxisomes or the ␣-methylacyl-CoA racemase (AMACR) can also be impaired (6) . The latter enzyme links peroxisomal ␣-oxidation with ␤-oxidation. Clinical signs demonstrate that phytanic acid is toxic especially in those tissues, which have high ATP turnover, such as brain or heart (2, 7).
We reported previously that in sharp contrast to palmitic acid, the homologue phytanic acid triggered rapid cell death of cultured astrocytes (8) . This pronounced toxicity of phytanic acid was paralleled by (i) enhancement of cytosolic Ca 2ϩ (8) , (ii) depolarization of mitochondria (8, 9) , and (iii) stimulation of cellular superoxide (O 2 . ) generation (8) .
Stimulation of O 2 . generation in astrocytes by phytanic acid is a surprising finding, because it contradicts the mild uncoupling concept. This concept implies that even a slight lowering of the potential at the inner mitochondrial membrane due to the protonophoric effect of fatty acids decreases the respiratory chain-driven O 2 . generation (10 -12) .
To get insight into the mechanism of phytanic acid-mediated O 2 .
generation, we applied phytanic acid as well as its homologue palmitic acid to mitochondria isolated from rat brain and heart. O 2 . (18 -20) . O 2 . is released to both sides of the inner mitochondrial membrane (21, 22) , where it is converted to H 2 O 2 and O 2 by spontaneous dismutation or by superoxide dismutase (18, 23) . In addition, the ␣-ketoglutarate dehydrogenase complex might also contribute to the O 2 . generation (24, 25) .
Moreover, it is well known that inhibition of the electron flux in the respiratory chain by rotenone or antimycin A dramatically increases the O 2 . generation (20, 26) . Therefore, we also examined the possibility whether an interference of phytanic acid with the electron flux causes an enhanced O 2 . generation. This concept is consistent with the molecular distortion hypothesis (27) , which proposes that incorporation of phytanic acid into the inner membrane disturbs the well ordered arrangement of phospholipids and proteins due to the bulky hydrocarbon tail.
In line with this hypothesis is the decreased phase transition temperature, observed after enrichment of phytanic acid in membranes of the fungus Neurospora crassa (28) .
In conclusion, we found that phytanic acid strongly enhanced O 2 .
generation in resting and in phosphorylating mitochondria. The increase in O 2 . generation can be attributed mostly to an interaction of phytanic acid with complex I. In addition, phytanic acid enhanced oxidative stress in mitochondria, which was detected by the inactivation of the matrix enzyme aconitase.
MATERIALS AND METHODS
Preparation of Mitochondria-Mitochondria from rat brain were prepared as described by Liu et al. (29) . Mitochondria from rat heart were prepared as described by Schaller et al. (30) . Protein contents in the stock suspensions were determined by the Biuret method using bovine serum albumin as standard. (32) . Briefly, in a sample and reference cuvette mitochondria (0.1 mg of mitochondrial protein), treated by freezethawing cycles, were suspended in 1 ml of reaction buffer consisting of 20 mM P i , 8 mM Mg 2ϩ , 2 mM KCN, 150 M NADH (pH 7.2; 30°C). The reaction was started by the addition of 20 M ubiquinone Q 2 , and, after 5 min of monitoring, 10 M rotenone was added. Activities were measured spectrophotometrically with a Varian Cary 3E spectrophotometer.
Aconitase-Enzymatic activity was measured by recording the formation of NADPH at 340 nm (33) . Since complex I substrates interfere with the aconitase assay, we examined the effect of O 2 . generation on matrix aconitase activity as follows. Mitochondria (0.2 mg of mitochondrial protein) were preincubated for 15 min at 37°C in EGTA-free incubation buffer supplemented with 5 mM succinate, 5 M rotenone, 5 mM citrate, 0.8 mM NADP ϩ , 0.6 mM MnCl 2 , 2 units of isocitrate dehydrogenase. To allow access of the indicator metabolites to matrix aconitase, 0.05% lauroyl maltoside (v/v) was added.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT)
Reduction-Reduction of MTT to a blue-colored formazan dye was used to assess the activity of the electron flow along the respiratory chain (34) . Samples of mitochondria (0.1 mg of mitochondrial protein) were suspended in 1.5-ml Eppendorf tubes containing 1 ml of ice-cold incubation buffer supplemented with pyruvate plus malate (5 mM/5 mM) in the presence or absence of phytanic acid or respiratory chain inhibitors for 5 min. Thereafter, tubes were warmed to 25°C in the presence of MTT (0.1 mg/ml). After a 10-min incubation period at 25°C, tubes were centrifuged, the supernatants were removed, and the pellets were suspended in 1 ml of pure ethanol. Reduction of MTT is given by measuring the absorbance at 595 nm using a Varian Cary 3E spectrophotometer.
Mitochondrial NAD(P)H Levels-Changes in mitochondrial pyridine nucleotides (NAD(P)H) were measured by a PerkinElmer Life Sciences LS-50B fluorescence spectrometer (excitation at 358 nm, emission at 465 nm). Mitochondria (0.5 mg of protein/ml) were incubated in 1 ml of incubation buffer supplemented with glutamate plus malate (5 mM/5 mM).
Glutathione Measurements-The mitochondrial content of glutathione was measured with the enzymatic recycling assay described in (35) . Samples withdrawn from incubations were denatured by sulfosalicylic acid, deproteinized by centrifugation, and thereafter neutralized with Tris. For determining oxidized glutathione, neutralized samples were treated with 2-vinylpyridine (2%), as described (36) . Reduced glutathione was calculated by substracting GSSG from total glutathione content.
Oxygen Uptake-Oxygen uptake by mitochondria was measured using an oxygraph (Oroboros Oxygraph, Bioenergetics and Biomedical Instruments, Innsbruck, Austria) at 30°C. Briefly, mitochondria (1 mg of protein) were suspended in 2 ml of incubation medium supplemented with 5 mM pyruvate plus 5 mM malate as complex I substrates. The respiratory control index was greater than 6.
Data Analysis-Statistical analysis was performed using Prism 3.0 software (GraphPad Software, San Diego, CA). Significance was examined by the unpaired t test. p Ͻ 0.05 was considered statistically significant.
RESULTS

Phytanic Acid Inhibits the Electron Transport in the Respiratory
Chain- Fig. 1 shows the effect of micromolar concentrations of phytanic acid, palmitic acid, and phytanic acid methyl ester on the oxygen uptake of maximally phosphorylating rat brain mitochondria using pyruvate plus malate as substrates. Phytanic acid decreased the state 3 respiration remarkably within the concentration range tested (corresponding to values of upto 100 nmol/mg of protein at the maximum), contrary to the lack of effect of palmitic acid. Inhibition is due to a direct interaction of phytanic acid with redox carriers of the electron transport chain, because phytanic acid inhibits the oxygen uptake of FCCP-uncoupled mitochondria similarly (Fig. 1A) . In the esterified form, phytanic acid was without effect on the oxygen uptake both in state 3 and in resting mitochondria (Fig. 1C) .
Next, the enzymatic activity of the NADH-ubiquinone oxidoreductase was measured in the presence of increasing concentrations of phytanic acid (corresponding to 200 nmol/mg of protein at the maximum). We also tested for comparison palmitic acid. Since the binding site for NADH is on the matrix site of the inner membrane, mitochondria were prepared by freezing and thawing to provide access for externally added NADH to complex I. Fig. 2 shows that the activity of the NADH-ubiquinone oxidoreductase declined with increasing concentrations of phytanic acid in the incubation mixture. Similar to the experiment shown in Fig. 1 , palmitic acid affects the enzymatic activity to a very small degree only.
Phytanic Acid Inhibits Electron Transfer from the Respiratory Chain to the Acceptor MTT-Our next attempt was to localize the site of interaction of phytanic acid within the mitochondrial electron transport chain by application of MTT, a synthetic electron acceptor. MTT becomes reduced to a blue-colored dye by nonenzymatic one-electron transfer reactions from the respiratory chain. Reduction of MTT takes place at distinct sites of the electron transport chain (34) . This gives the possibility to identify those sites, where phytanic acid could interfere with the electron transport. Mitochondria oxidizing pyruvate plus malate were treated either with respiratory chain toxins or with phytanic acid (Fig. 3) . The respiratory chain toxin rotenone (complex I inhibitor), which blocks the transfer of electrons from FeS N-2 centers to ubiquinone, decreased MTT reduction by about 80%. The complex III inhibitors myxothiazol, antimycin A, or stiggmatellin diminished the reduction of MTT only marginally by 10 to 30%. In comparison to these respiratory chain inhibitors, phytanic acid decreased the MTT reduction to an extent similar to that of rotenone.
Phytanic Acid Causes Oxidation of Mitochondrial Pyridine Nucleotides-From both findings, uncoupling of mitochondrial energy transduction (9) and partial inactivation of the NADH-ubiquinone oxidoreductase complex (Fig. 2) , it is expected that the level of reduced mitochondrial NAD(P)H is changed when mitochondria are treated with phytanic acid. To examine this, the NAD(P)H level was monitored fluorimetrically in mitochondria respiring glutamate plus malate at the resting state before and after addition of phytanic acid. Fig. 4 shows that addition of 50 M phytanic acid (corresponding to 100 nmol/mg of protein) dramatically decreases the NAD(P)H level (A). A similar oxidation of NAD(P)H occurs when the synthetic protonophore FCCP is added (B). Furthermore, when after the addition of phytanic acid or FCCP rotenone is applied, oxidation of NAD(P)H becomes reversed. This clearly indicates that NAD(P)H oxidation is due to the protonophoric activity of phytanic acid.
Next, we examined the ability of phytanic acid to inhibit the electron transport within complex I using FCCP-uncoupled mitochondria in substrate-free medium. At this condition, the mitochondrial NAD(P) ϩ / NAD(P)H redox couple is highly oxidized (C). Addition of the complex I substrates glutamate plus malate only slightly increases the NAD(P)H level compared with the maximum seen in Fig. 4A . The subsequent addition of phytanic acid further increases the NAD(P)H level, clearly indicating that phytanic acid inhibits the electron flux downstream of the primary NAD ϩ -dependent dehydrogenase. However, this inhibitory activity is much less effective than that of rotenone (D). Phytanic Acid Stimulates Superoxide Generation in MitochondriaDepending on the activity state of the respiratory chain, phytanic acid either stimulates or inhibits oxygen uptake. This raises the following question: how do these opposite effects of phytanic acid on the rate of the electron flux affect the respiratory chain-dependent superoxide generation by mitochondria? Fig. 5A shows a typical trace, where the fluorescent dye DCF is formed through oxidation of the nonfluorescent DCFH by released H 2 O 2 plus horseradish peroxidase. This experiment clearly reveals that brain mitochondria treated with a concentration of phytanic acid (10 M; corresponding to 100 nmol/mg of protein), which is sufficient to diminish the electron flux in phosphorylating mitochondria to 50% of maximum (Fig. 1A) also at low concentrations (e.g. 1 M; corresponding to 10 nmol/mg of protein), which are typical of its uncoupling effect (Fig. 5B) . For halfmaximal stimulation of H 2 O 2 release an EC 50 value of 10 M phytanic acid was determined (data not shown). Stimulation of H 2 O 2 release by phytanic acid was also found with rat heart mitochondria, both in the resting state and state 3 (Fig. 5C) . Unbranched, saturated fatty acids, such as palmitic, myristic, and lauric acid do not stimulate H 2 O 2 release in the resting state (Figs. 5C and 6 ), whereas the polyunsaturated fatty acid linoleic (C18:2) and arachidonic acid (C20:4) also stimulate the H 2 O 2 release by mitochondria (Fig. 6) .
Phytanic Acid Exerts a Rotenone-like Effect on Respiratory Chain-dependent Superoxide
Generation-Phytanic acid-induced H 2 O 2 release from brain mitochondria was compared with that induced by rotenone. In these experiments the respiratory chain was fed with electrons derived either from oxidation of the complex I substrates glutamate plus malate or from the complex II substrate succinate. Fig. 7 shows that the rate of H 2 O 2 release is similarly high with phytanic acid or with rotenone, when glutamate plus malate are used as substrates. Succinate promotes H 2 O 2 release from mitochondria by feeding the complex I via reversed electron transport from complex II (26, 37, 38) . This H 2 O 2 production is inhibited by phytanic acid or rotenone to a similar extent. When, in the presence of rotenone, the electrons derived from succinate oxidation were conducted exclusively to complex III, a low basal H 2 O 2 production is seen. Under this condition H 2 O 2 generation was stimulated by phytanic acid or the complex III inhibitor antimycin A. On first sight, this finding indicates that an interaction of phytanic acid with The registration period shown is 3 min. Mitochondria (0.2 mg of protein/ml) suspended in incubation buffer supplemented with pyruvate plus malate (P/M; 5 mM/5 mM) and Cu,Zndismutase (12 units/ml). State 3 was adjusted by addition of 2 mM ADP. Final concentration of added phytanic acid or palmitic acid (Pal) was 20 M (corresponding to 100 nmol/mg of protein). Catalase was added to a final concentration of 0.5 M. B and C, measurements in rat brain mitochondria (RBM; B) and in rat heart mitochondria (RHM; C). C, gray and black columns show superoxide generation in resting state and in state 3, respectively. Data collected are the mean Ϯ S.D. obtained from four (B) to six (C) preparations. *, p Ͻ 0.05 versus pyruvate plus malate (rat brain mitochondria, resting state); **, p Ͻ 0.05 versus pyruvate plus malate (rat heart mitochondria, resting state); and ***, p Ͻ 0.05 versus pyruvate plus malate (rat heart mitochondria, state 3). components of complex III also stimulates H 2 O 2 release from mitochondria. On the other hand, taking into consideration that complex I contains several quinone binding sites (16) , it could be possible that the observed stimulation of ROS generation by phytanic acid is due to simultaneous binding of rotenone and phytanic acid at complex I.
Phytanic Acid-induced O 2 . Generation Inactivates Aconitase and Oxi-
dizes Glutathione-Then we examined the oxidative damage in mitochondria caused by phytanic acid-enhanced O 2 . generation. The citric acid cycle enzyme aconitase is known to be highly susceptible to oxidative inactivation by O 2 . (33). Therefore, aconitase activity was measured in mitochondria exposed to phytanic acid and, for comparison, in mitochondria treated with palmitic acid or antimycin A. Typical traces of aconitase-dependent NADPH formation by heart mitochondria monitored after 15 min of preincubation are shown in Fig. 8A . Comparable with the opposite effects of phytanic acid and palmitic acid on the release of H 2 O 2 from mitochondria, phytanic acid strongly inactivates aconitase, whereas palmitic acid has only slightly inactivating effects (Fig. 8B) . Mitochondrial NADH donates electrons into the electron transport chain, but it also acts as substrate of the transmembrane potential (⌬)-dependent transhydrogenation of NADP ϩ to NADPH. NADPH reduces oxidized glutathione (GSSG) by means of the NADPH-glutathione reductase. Since GSH acts as potent scavenger of H 2 O 2 , the glutathione content of phytanic acid-treated mitochondria was examined. Fig. 9 shows that phytanic acid decreased the level of reduced glutathione, whereas palmitic acid was without effect.
DISCUSSION
Here we demonstrate, first, that low concentrations of phytanic acid inhibit the electron transport within the respiratory chain in actively respiring rat brain mitochondria (Figs. 1 and 2) . With respect to phytanic acid, the homologue palmitic acid or the esterified phytanic acid exert much less or no inhibition on the electron transport from NADH to molecular oxygen. However, it is important to mention that significant inactivation of complex I activity has been observed (39), when inside-out bovine heart submitochondrial particles were treated with concentrations of palmitic acid corresponding to high palmitic acid to protein ratios (Ն1000 nmol/mg of protein). The results obtained in our study strongly suggest that phytanic acid interferes mainly with the electron transport in complex I, putatively similar to rotenone. Thus, phytanic acid severely inactivates the enzymatic activity of NADHubiquinone oxidoreductase (Fig. 2) , and it diminishes MTT reduction, also quite similar to rotenone (Fig. 3) . Inhibition of complex I by phytanic acid supports the reported concept that complex I is a target for the deteriorating effects of free long-chain fatty acids in mitochondria (39) . Furthermore, it has been proposed that fatty acids act at the com- . At 15 min, the assay of aconitase was started by adding 0.05% lauroyl maltoside (v/v), which allows access of the indicator metabolites to matrix aconitase. A shows representative traces of NADPH formation by the combined activity of aconitase plus isocitrate dehydrogenase using heart mitochondria. The scale is given by the bar for ⌬E. In B data of aconitase activities (mean Ϯ S.D.) obtained with heart and brain mitochondria are summarized for each incubation condition obtained with four preparations. *, p Ͻ 0.05 versus control (rat heart mitochondria (RHM)); **, p Ͻ 0.05 versus control (rat brain mitochondria (RBM)). plex I-ubiquinone junction site by perturbation of the pseudo-reversible active-de-active complex I transition (39) .
Second . generation in resting as well as in phosphorylating mitochondria. In contrast, palmitic acid has almost no effect on O 2 . generation in resting brain and heart mitochondria (Figs. 5C and 6). However, at conditions different from ours, where FCCP-uncoupled heart mitochondria were treated with very high levels of palmitic acid (1000 nmol/mg of protein), a slight stimulation of O 2 . generation was reported (32) . Moreover, also in astrocytes, phytanic acid, but not palmitic acid, enhances O 2 . generation, as determined previously (8) .
With mitochondria oxidizing NAD-dependent substrates, O 2 . generation has been found to be enhanced by (i) treatment of mitochondria with the respiratory chain toxins rotenone or antimycin A (29, 32, 40, 41) , (ii) depletion of cytochrome c from mitochondria due to disruption of the respiratory chain (40, 42) , and (iii) a switch of the mitochondrial oxygen uptake from phosphorylating to resting (29, 38, (43) (44) (45) . The consequence of all these manipulations resulted in the reduction of redox centers within complex I, including the sites that leak electrons to molecular oxygen (44) . Moreover, complex I-related O 2 . generation with NAD-dependent substrates was found to be relatively insensitive to a change in the ⌬ at the inner membrane (38, 44) . Thus, a significant fraction of complex I-related O 2 . generation occurs even at low ⌬ (44).
In contrast, complex I-related O 2 . due to reverse electron transport of mitochondria oxidizing succinate (in the absence of rotenone) is greatly reduced by depolarization (38, 46, 47) . In addition, it has been reported that generation of O 2 . by complex I during reversed electron transport was at least 3-fold more sensitive to the pH gradient than to ⌬ (48). Moreover, phytanic acid is also capable to increase O 2 . generation in rotenone-inhibited mitochondria (Fig. 7) . This stimulation might be explained (i) by preventing the binding of semiubiquinone (UQ ⅐ ) at the Qp-site within complex III as a consequence of the isoprenoic structure of phytanic acid and, in addition, (ii) by interrupting the electron transport due to depletion of cytochrome c from mitochondria (49) . However, this stimulation of O 2 . generation by phytanic acid is not expected to play a significant physiological role, since in vivo the electron supply from complex II to complex III at blocked complex I is nonphysiological. The enrichment of phytanic acid, which is lipophilic and bulky, within the lipid core of the inner membrane could alter the arrangement of electron carriers. Thereby the access of molecular oxygen to electron donating redox carriers might be facilitated. An analogous distortion of the arrangement of membrane constituents could contribute to O 2 . generation stimulated by linoleic and arachidonic acid (Fig. 6) . Conformational analysis reveals that both polyunsaturated fatty acids exist in bulky, low energy conformers (50). For instance, arachidonic acid prefers an angle iron-like structure (when bound to hydrocarbon chains) or a hairpin structure (near to a protein-lipid interface). Importantly, stimulation of O 2 . generation by phytanic acid inactivates aconitase (Fig. 8 ). This matrix enzyme is a further measure of O 2 .
generation, since O 2 . is by far the most reactive and selective physiological oxidant for aconitase (33) . Aconitase catalyzes the conversion of citrate to isocitrate, a reaction essential for citric acid cycle activity. Inactivation of aconitase may cause accumulation of NADH and, thereby induce reductive stress. It has been discussed that this is a condition that further increased production of reactive oxygen species through auto-oxidation of NADH (51) . An important aspect of our study is the finding that phytanic acid stimulates O 2 . generation in resting mitochondria (Fig. 5B) , a condition where uncoupling is believed to be the main effect of nonesterified long-chain fatty acids on mitochondrial bioenergetics. Uncoupling of resting brain mitochondria by phytanic acid is clearly indicated by (i) oxidation of matrix NAD(P)H (Fig. 4A ) and (ii) lowering of ⌬ (9). Stimulation of O 2 . generation by phytanic acid is not consistent with the previously derived concept that long-chain fatty acids should generally decrease O 2 . generation by mild uncoupling and induce a protective mechanism (11, 12) . Originally, this concept was based on the observation that lauric acid (C12:0) and the chemical protonophore FCCP decrease O 2 . generation of glutathione-depleted rat heart mitochondria oxidizing succinate in the resting state (11) . Our study also reveals that phytanic acid added to mitochondria oxidizing succinate strongly decreases O 2 . generation (Fig. 7) . In resting mitochondria oxidizing succinate in the absence of rotenone, O 2 . generation is linked to the reverse electron transport. The reverse electron transport is a thermodynamically unfavorable process demanding a high ⌬ to support the electron transport from FAD-dependent substrates (e.g. succinate) to NAD ϩ (52). Therefore, the inhibition of succinate-linked O 2 . generation by fatty acids is most likely due to inhibition of the reverse electron transport from succinate to complex I. Apart from one study (32) dealing with the effect of palmitic acid and arachidonic acid on O 2 . generation by FCCP-treated rat heart mitochondria, the effect of fatty acids on O 2 .
generation by coupled mitochondria oxidizing NAD-dependent substrates has not yet been reported. However, a rotenone-like effect of phytanic acid and its stimulation of O 2 . generation in resting mitochondria oxidizing NAD-dependent substrates agrees well with the observation that inhibitors of the ubiquinone-binding site at complex I (exemplified by rotenone, piericidin, and myxothiazol) allow rapid O 2 .
generation (16) . Therefore, there is good reason to propose that phytanic acid increases O 2 . generation by inhibiting the ubiquinone-binding site of complex I.
In conclusion, the data presented here reveal an important mechanism of toxicity in pathological situations with a steady build-up of the branched-chain phytanic acid in the body. Mitochondria are the most important source of O 2 . generation within the cell, and mitochondria on the other side are quite vulnerable targets of reactive oxygen species. Therefore, the stimulation of O 2 . generation by phytanic acid contributes to the cytotoxicity of phytanic acid in vivo. This is most prominent in those tissues, which mainly depend on mitochondrial energy supply, such as brain and heart. However, the findings and the conclusions presented here seem to have even wider implications. There is good reason to hypothesize that phytanic acid-induced oxidative stress could damage also other tissues.
